
2007Apr16 http://www.cv.nrao.edu/course/astr534/AntennaTheory.html #1AntennaFundamentalsAnantennaisadeviceforconvertingelectromagneticradiationintoelectricalcurrentsorvice?versa,dependingonwhetheritisbeingusedforreceivingorfortransmitting.Inpassiveradioastronomyweuseantennasforreceiving.However,itisofteneasiertocalculatethepropertiesoftransmittingantennas.Fortunately,mostcharacteristicsofanantennaactingasatransmitterareunchangediftheantennaisusedforreceiving,soweoftenusetheanalysisoftransmittingantennastounderstandthereceivingantennasusedinradioastronomy.RadiationfromaShortDipoleAntenna(HertzDipole)

Thecoordinatesystemusedtodescribetheradiationfromashortdipole.
Thesimplestantennaisashort(meaningmuchsmallerthanonewavelength)dipoleantennawhichisshownaboveastwocolinearconductors(e.g.,wires)drivenatthegapbetweenthembyacurrentsource(atransmitter).Thepropertiesofanantennamaydependonthefrequency|orwavelengthÕ,soitissimplesttosupposethedrivingcurrentIvariessinusoidallywithangularfrequency!Ù|: I(!t)whereIisthepeakcurrentdrivenintoeachelementofthedipole.Itiscomputationallyconvenienttoreplacethetrigonometricfunctioncos(!t)withitsexponentialequivalent,therealpartof
=2 =I0cos0 e(!t)(!t)Ài!t=cosÀisin
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Thedrivingcurrentaccelerateschargesintheantenna,sowecanuseLarmor'sformulatocalculatetheradiationfromtheantennabyconvertingfromthelanguageofchargesandacclerationstotime?varyingcurrents.Recallthatcurrentisdefinedasthetimederivativeofcharge:
Alongawire,thecurrentistheamountofchargeflowingpastanypointperunittime.Forawireonthez?axis I v;wherevistheinstantaneousflowvelocityofthecharges.Notethatnormally itisacommonmisconceptiontobelievebecauseelectricalsignalstraveldownwiresatnearlythespeedoflight.Thisissimilartowhathappensinagardenhosealreadyfilledwithanincompressiblefluid—water.Whenthefaucetisturnedon,waterflowsfromtheotherendofthehosealmostimmediately,eventhoughindividualwatermoleculesaremovingslowlyalongthehose.Asanexample,consideracurrentof1ampereflowingthroughacopperwirewithcrosssectionÛmm.Thenumberdensityoffreeelectronsinthewireisaboutequaltothenumberdensityofcopperatoms,m.Inmksunits,thechargeofanelectronis
OneAmpereisoneCoulombpersecond,sothenumberNofelectronsflowingpastanypointalongthewireinonesecondis
Theaverageelectronvelocityisonly
ThusthenonrelativisticLarmorequationcanbeusedtocalculatetheradiationfromawire.
FromthederivationofLarmor'sformula,recallthat

Ie:=I0Ài!t

I:Ñdtdq
=dtdq=dzdqdtdz=dzdq

vÜc vÙc
=12n0Ù129À3Àe:800statcoul :600coulÙ4Â1À12Â1coul30statcoulÂ19Ù1Â1À19
N :250s=IjejÙ1coulsÀ11:600coulÂ1À19Ù6Â118À1
v 0msÙNÛÚÙ6:250sÂ118À110m0mÀ62Â129À3Ù6Â1À5À1Üc
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sointheshortdipole
Forasinusoidaldrivingcurrent,
and

Thatis,theradiatedelectricfieldstrengthisproportionaltotheintegralofthecurrentdistributionalongtheantenna.Thecurrentatthecenterisjustthedrivingcurrent andthecurrentmustdroptozeroattheendsoftheantenna,wheretheconductivitygoestozero.Fora"short"antenna,meaning,thecurrentdropfromthecentertotheendcanbeapproximatedbythelinearfunctionsatisfyingthoseendconditions:
Then
and
Substituting!Ùc=Õgives

E?=rc2qv_sinÒ
Edz?=Z+l=2z=Àl=2dzdqrc2v_sinÒ
vi!v_=À
E vdz?=rc2Ài!sinÒZÀl=2+l=2dzdq
E dz?=rc2Ài!sinÒZÀl=2+l=2IE? Ie=I0Ài!tlÜÕI(z)e1=I0Ài!tÔÀjzj(l=2)Õ
dzZÀl=2+l=2I=2Il0
Ee?=rc2Ài!sinÒ2Il0Ài!t=2 Ee?=Õrc22Ài2ÙcIlsinÒ0Ài!t
ÀiÙsinÒleÀi!t
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Since(cgs),thetime?averagedPoyntingflux(powerperunitarea)is
and
because .Notethattheradiationfromashortdipolehasthesamepolarizationandthesamedoughnutpowerpattern(thepowerpatternistheangulardistributionofradiatedpower,oftennormalizedtounityatthepeak)
asradiationfromanacceleratedchargebecauseallofthechargesinthedipolearebeingacceleratedalongoneshortline.Fromtheobserver'spointofview,thepowerreceiveddependsonlyontheprojected(perpendiculartothelineofsight)length(l)ofthedipole,anotherexampleof"whatyouseeiswhatyouget."Thetime?averagedtotalpoweremittedisobtainedbyintegratingthePoyntingfluxoverthesurfaceareaofasphereofanyradiuscenteredontheantenna:

Recallthat ,sothetime?averagedpowerradiatedbyashortdipoleis
whereI(!t)isthedrivingcurrent,listhetotallengthofthedipole,andÕisthewavelength.RadiationResistanceThepowerflowingthroughacircuitis,whereVisthevoltage(definedasenergyperunitcharge)andIisthecurrent(definedaschargeflowperunittime),soPhasunitsofenergyperunittime.ThephysicistGeorgeSimonOhmobservedthatthecurrentflowingthroughmost

EI?=cÀiÙsinÒ0lÕreÀi!tjEjHj?~=j?~ hSihEi;=c4Ù2?
hSi=c4ÙÒÕIl0cÙÓ2r2sin2ÒÒ21Óhcos(!t)i=22=1
P/sin2Ò(3A1)
sinÒ

rôlhPihSidA rd¶rdÒ=Z=c4ÙÒÕIl0cÙÓ2Ò21ÓZ2Ù¶=0ZÙÒ=0r2sin2ÒsinÒ
hPi 2ÙdÒ=c4ÙÒÕIl0cÙÓ2Ò21ÓZÙÒ=0sin3ÒdÒ=3R0Ùsin3Ò=4 hPi=3cÙ2ÒÕIl0Ó2(3A2)0cos P=VÂI



2007Apr16 http://www.cv.nrao.edu/course/astr534/AntennaTheory.html #5resistivematerialsisproportionaltotheappliedvoltage,somanyobjectshaveawell?definedresistancedefinedbyR=I(Ohm'slaw).Forthem, .FromOhm'slawfortime?varyingcurrents,
IfI(!t),
TheradiationresistanceofanantennaisdefinedbyRForashortdipole,theradiationresistanceis
Example:A"half?wave"dipolehaslengthl=2.Thisisthelengthofaresonantdipoleantenna.Resonantantennasareusedinmostrealapplicationsbecausetheimpedanceofaresonantantennaisresistive nonresonantantennashavelargecapacitiveorinductivereactancesaswell.Ahalf?wavedipoledoesn'tstrictlysatisfyourcriterionforbeing"short,"sothecurrentdistributionalongthedipoleisactuallyclosertosinusoidalthanlinearandourcalculatedradiationresistancewillnotbeexact.Proceedingnonetheless,
Engineersandrealtestinstrumentsusethemks"Ohm"(symbolÊ)astheunitofresistance.Theconversionfactoris1Ohm=scm,so
[Theactualradiationresistanceofahalf?wavedipoleisabout73Ê.]TheradiationresistanceRoffreespacecanbeobtainedfromtherelations
SincetheelectricfieldEisjustthevoltageperunitlengthV=landthefluxisthepowerperunitareal,

=V PR=R=VÂI=I2=V2hPiIiR=h2=I0cos hPi=2IR02
ÑI022hPi(3A3)
R=3c2Ù2ÒlÕÓ2=ÕlÜÕ

R :50scmÙ2Ù230cmsÂ3Â110À1Ò21Ó2Ù5Â1À11À1
(10=9)À11À1R:50Ê0ÊÙ5Â1À11scm9cm10sÀ11Ù5
0jSjEndP:~=c4Ù2a=RV22 ~cV2V2
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ConvertingtomksunitsyieldstheresistanceinOhms:R 20ÙÊ77Ê:
Sinceablackholeisaperfectabsorberofradiation,itsimpedancemustalsobe120ÙÊtomatchthatoffreespace.Ablackholespinninginanexternalmagneticfieldcangenerateelectricalpowerwithavoltage/currentratioof120ÙÊ,andthisprocessmaybeimportantinpoweringquasars(seeBlandford&Znajek1977,MNRAS,179,433).ThePowerGainofaTransmittingAntennaThepowergainG(Ò;)ofatransmittingantennaisdefinedasthepowertransmittedperunitsolidangledividedbythepowertransmittedperunitsolidanglefromanisotropicantennadrivenwithequaltotalpower.FrequentlythevalueofGisexpressedlogarithmicallyinunitsofdecibels(dB):Foralosslessantenna,energyconservationrequiresthatthegainaveragedoveralldirectionsbe
or
Consequently
foranyantenna.Differentlosslessantennasmayradiatewithdifferentdirectionalpatternsbutcannotalterthetotalamountofpowerradiated.Consequently,thegainofalosslessantennadependsonlyontheangulardistributionofradiationfromthatantenna.Ingeneral,anantennahavingpeakgainGmustbeammostofitspowerintoasolidangleÁÊsuchthat
Thusthehigherthegain,thenarrowthebeamorpowerpattern.

jSj~=cV24Ùl2=V22Rl02R0=c4Ù=4Ù30cmsÂ110À1
0= 4Ù30cms 0seccmÊÂ110À1Â1=9Â1À11À1À1=1Ù3

¶
G(dB)0(G)Ñ1Âlog10
hGiÑÊRsphereddÊRsphereG=4Ù4Ù
hGi=1(3A4)
dÊdÊÙZsphereG=Zsphere1=4

max ÁÊ:Ù4ÙGmax



2007Apr16 http://www.cv.nrao.edu/course/astr534/AntennaTheory.html #7Example:Whatisthepowergainofashortdipole?Itissufficienttorecallonlytheangulardependenceoftheshort?dipolepowerpattern
whereÒistheanglefromthedipoleaxis.Thus
ThemaximumgainGisdeterminedbyenergyconservation:

Recallthat soGand G(Ò;) :IndB,themaximumgainGofashortdipoleis
NotethatG(Ò;)isindependentoftheantennalengthinwavelengthssolongasbecausetheshort?dipolepowerpatternisindependentofl.Varyingaffectsonlytheradiationresistance.
TheEffectiveAreaofaReceivingAntennaHowcanwecharacterizeantennasusedforreceiving,asinradioastronomy,ratherthanfortransmitting?Thereceivingcounterpartoftransmittingpowergainistheeffectiveareaoreffectivecollectingareaofanantenna.Imagineanidealantennathatcollectsalloftheradiationfallingonitfromadistantpointsourceandconvertsittoelectricalpower—a"raingauge"forcollectingphotons.ThetotalspectralpowerthatitcollectswillbetheproductofitsgeometricareaAandtheincidentspectralpowerperunitarea,orfluxdensityS.Byanalogy,ifanyrealantennacollectsspectralpowerP,itseffectiveareaAisdefinedby

hSi;/sin2Ò
G :/sin2Ò=G0sin2Ò0 dÊ dÒd¶Ù:ZsphereG=Z2Ù¶=0ZÙÒ=0G0sin2ÒsinÒ=4
2ÙGdÒÙ:0Z0Ùsin3Ò=4dÒ=3R0Ùsin3Ò=4 0=2Ù4Ù43=23
¶=23sin2Ò0G0(3=2):76dB:0=1log10Ù1¶ lÜÕlÜÕ

2e
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whereSisthefluxdensityinthe"matched"polarization.Whatdoesmatchedpolarizationmean?Anyelectromagneticwavecanbedecomposedintotwoorthogonalpolarizedcomponents.Forexample,thetransverseelectricfieldcanberesolvedhorizontalandverticalcomponents,orhorizontalandverticallinearpolarizations.Ifthehorizontalandverticalelectricfieldsareequalinamplitudeandoutofphase,theradiationiscircularlypolarized.Anyradiowavecanalsobedecomposedintoleft?andright?circularpolarizations.Ifthewaveisessentiallyrandom(noisegeneratedbyblackbodyradiationforexample),thetwoorthogonalcomponentswillvaryrapidlyinintensitybuthaveequalpowerswhenaveragedoverlongtimes.Suchradiationiscalledunpolarized.Blackbodyradiationisunpolarized.Mostradioastronomicalsourcesareunpolarizedornearlyso.Anyantennawithasingleoutputcollectsonlyoneofthetwopolarizationsfromanelectromagneticwave.Forexample,alineardipoleantennacollectsradiationonlyfromthelinearpolarizationwhoseelectricfieldisparalleltotheantennawires.Electricfieldsperpendiculartotheantennawiresdonotproducecurrentsintheantenna,sothelineardipoleiscompletelyinsensitivetothelinearpolarizationperpendiculartothewires.Anpairofcrosseddipoleswouldbeneededtocollectpowerfrombothorthogonalpolarizationssimultaneously.Thusforanunpolarizedsource, S:
Justasenergyconservationimpliesthatalllosslesstransmittingantennashavethesameaveragepowergain,alllosslessreceivingantennashavethesameaveragecollectingarea.Thisaveragecollectingareacanbecalculatedviaanotherthermodynamicthoughtexperiment.

eÑP2S(matched)(3A5)(matched)
90Î

(matched)=2S
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AcavityinthermodynamicequilibriumattempertureTcontainingaresistorRiscoupledtoanantenna,alsoattemperatureT,throughafilterpassingfrequenciesintherange|to||.ImagineanantennainsideacavityinfullthermodynamicequilibriumattemperatureTconnectedthroughatransmissionlinetoamatchedresistorinasecondcavityatthesametemperature.Supposefurtherthattheconnectioncontainsafilterthatpassesonlyanarrowrangeoffrequenciesbetween|and||.Sincethisentiresystemisinthermodynamicequilibrium,nonetpowercanflowbetweentheantennaandtheresistor.Otherwise,onecavitywouldheatupandtheotherwouldcooldown,inviolationofthesecondlawofthermodynamics.Thusthetotalspectralpowerfromalldirectionscollectedbytheantenna
mustequaltheNyquistspectralpowerPTproducedbytheresistor.UsingtheRayleigh?Jeansapproximation Bgives

+d
+d
PS (Ò;)dÊ2=Ae(matched)=2S=Z4ÙAe¶2B22=k2=Õ22kT
PdÊT2=2Õ22kTZ4ÙAe=kZ
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Theaveragecollectingareaisdefinedby
Theeffectivecollectingareaofareceivingantennaisindependentofitsenvironment,sothisresultappliesforanytypeofradiation,notjustblackbodyradiation.WithoutusingMaxwell'sequationswehaveobtainedtheremarkableresulttrueforalllosslessantennas:hAi
Anyantenna,fromashortdipoletothe100?mdiameterGreenBankTelescope,hasthesameaveragecollectingareathatdependsonlyonwavelength.Inthecaseofanisotropicantenna,theeffectivecollectingareainanydirectionequalstheaveragecollectingarea:
Consequently,anondirectionalantennaoperatingataveryshortwavelengthÕwillhaveaverysmalleffectivecollectingareaandpoorsensitivityforreception.Forthisreason,operatorsofsatellitebroadcastservices,thenewsatelliteFMradioserviceforexample,prefertotransmitatrelativelylongwavelengths(10to20cm)andaremuchlessinterestedincompetingwithradioastronomersfortheshort?wavelengthendoftheradiospectrum.Likewise,practicalradiotelescopescanbeconstructedfromarraysofdipolesatlongwavelengths(Õm),butnotatshortwavelengthswherethenumberofdipolesneededtoproduceusefulcollectingareasistoolarge.ReciprocityTheoremsManyantennapropertiesarethesameforbothtransmittingandreceiving.Itisofteneasiertocalculatethegainofatransmittingantennathanthecollectingareaofareceivingantenna,anditisofteneasiertomeasurethereceivingpowerpatternthantomeasurethetransmittingpowerpatternofalargeradiotelescope.Thusthisreceiving/transmitting"reciprocity"greatlysimplifiesantennacalculationsandmeasurements.ReciprocitycanbeunderstoodviaMaxwell'sequationsorbythermodynamicarguments.Burke&Smith(1997)statetheelectromagneticcaseforreciprocityclearly:"Anantennacanbetreatedeitherasareceivingdevice,gatheringtheincomingradiationfieldandconductingelectricalsignalstotheoutputterminals,orasatransmittingsystem,launchingelectromagneticwavesoutward.Thesetwocasesareequivalentbecauseoftimereversibility:thesolutionsofMaxwell'sequationsarevalidwhentimeisreversed."

dÊZ4ÙAe=Õ2
hAi :eÑÊR4ÙddÊR4ÙAe

e=Õ24Ù(3A6)
hAie
A(Ò;)Aie¶=he=Õ24Ù

>1



2007Apr16 http://www.cv.nrao.edu/course/astr534/AntennaTheory.html #11Thestrongreciprocitytheorem:IfavoltageisappliedtotheterminalsofanantennaAandthecurrentismeasuredattheterminalsofanotherantennaB,thenanequalcurrent(inbothamplitudeandphase)willappearattheterminalsofAifthesamevoltageisappliedtoB.canbeformallyderivedfromMaxwell'sequations[seeapartialderivationinRohlfs&WilsonSections5.4]orbynetworkanalysis[seeKraus"Antennas",p.252].

ThestrongreciprocitytheoremimpliesthatthetransmittervoltagesVandVarerelatedtothereceivercurrentsIandIby
foranypairofantennasAandB.
Formostradioastronomicalapplications,wearenotconcernedwiththedetailedphaserelationshipsofvoltagesandcurrents,andwecanuseaweakreciprocitytheoremthatrelatestheangulardependencesofthetransmittingpowerpatternandthereceivingcollectingareaofanyantenna:Thepowerpatternofanantennaisthesamefortransmittingandreceiving.Thatis:

ABAB IBVA=IAVB
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Theweakreciprocitytheoremcanbeprovenbyanothersimplethermodynamicthoughtexperiment:AnantennaisconnectedtoamatchedloadinsideacavityinitiallyinequilibriumattemperatureT.Theantennasimultaneouslyreceivespowerfromthecavitywallsandtransmitspowergeneratedbytheresistor.Thetotalpowertransmittedinalldirectionsmustequalthetotalpowerreceivedfromalldirectionssincenonetpowercanbetransferredbetweentheantennaandtheresistor otherwisetheresistorwouldnotremainattemperatureT.Moreover,inanydirection,thepowerreceivedandtransmittedbytheantennamustbethesame,elsethecavitywallindirectionswherethetransmittedpowerwasgreaterthanthereceivedpowerwouldriseintemperatureandthecavitywallindirectionsoflowertransmitted/receivedpowerratiowouldcool,leadingtoaviolationofthesecondlawofthermodynamics.

Theweakreciprocitytheoremstatesthatthetransmitting(Tx)andreceiving(Rx)powerpatternsofanantennacannotdifferasshownhere,withoutviolatingthesecondlawofthermodynamics.
TheconstantofproportionalityrelatingGandAcanbederivedfromourearlierresultsforanisotropicantenna

G(Ò;)(Ò;)¶/Ae¶(3A7)

ehAi ndhGie=Õ24Ùa=1



2007Apr16 http://www.cv.nrao.edu/course/astr534/AntennaTheory.html #13ThusenergyconservationandtheweakreciprocitytheoremimplyA(Ò;)foranyantenna.Thisextremelyusefulequationletsuscomputethereceivingpowerpatternfromthetransmittingpowerpatternandviceversa.
Example:Wecanuseourcalculationofthetransmittingpowerpatternofashortdipoletocalculateitseffectivecollectingareawhenusedasareceivingantenna:A(Ò;)

A
Example:WhatisthepowerperunitbandwidthPcollectedbyashortdipoleat|0GHzbroadsideto()theSun,athermalsourcewhosefluxdensityis Jy?Thebroadside(sin)collectingareaoftheshortdipoleisA
so
Clearly,dipolesorothernearlyisotropicantennashaveverysmallcollectingareasatshortwavelengths.Foranunpolarizedsource,PS

e¶=4ÙÕG(Ò;)2¶(3A8)

e¶=4ÙÕG(Ò;)2¶=Õ24Ù23sin2Òe=8Ù3Õ2sin2Ò
2 =1Ò0=9Î S:20Ù1Â16Ò=1 e=8Ù3Õ2

Õ :03m=c|=10Hz1030msÂ18À1=0
A :070mcm:e=8Ù30:03m)Â(2=1Â1À42Ù12
2=Ae(matched)=2ASeP:070m2=1Â1À42Â21:20JyÂ16Â1Jy10WmHzÀ26À2À1
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Arraysofdipolesdomakesenseatlongwavelengths.Forexample,theLongWavelengthArray(LWA)for|0to80MHz(to15m)willconsistof53stations,eacha100m100marrayofcrosseddipoles.TheeffectivecollectingareaoftheLWAwillbeuptomatÕ5m.

TheproposedLong?WavelengthArrayofcrosseddipoles.Imagecredit

P:40WHz2=6Â1À25À1
=2 ÕÙ4 ÂA0e=4Â162=1



2007Apr16 http://www.cv.nrao.edu/course/astr534/AntennaTheory.html #15

EighttestdipolesoftheLWDA(Long?WavelengthDevelopmentArray)ontheVLAsite.ImagecreditAntennaTemperatureAconvenientpracticalunitforthepowerperunitfrequencyoutputofareceivingantennaistheantennatemperatureT.Antennatemperaturehasnothingtodowiththephysicaltemperatureoftheantennaasmeasuredbyathermometer itisonlythetemperatureofamatchedresistorwhosethermallygeneratedpowerperunitfrequencyequalsthatproducedbytheantenna.Itiswidelyusedbecause:.11Kofantennatemperatureisaconvenientlysmallpower.TKcorrespondsto..2Itcanbecalibratedbyadirectcomparisonwithhotandcoldloads(anotherwordformatchedresistors)connectedtothereceiverinput..3TheunitsofreceivernoisearealsoK,socomparingthesignalinKwiththereceivernoiseinKmakesiteasytodecideifasignalwillbedetectable.T
Example:WhatistheincreaseintheantennatemperatureofourshortdipoleproducedbythermalemissionfromtheSunat|0GHz?

A
A=1PT:380JKK:380WHz2=kA=1Â1À23À1Â1=1Â1À23À1

AÑkP2(3A9)
=1P:40WHz2=6Â1À25À1
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BeamSolidAngleThebeamsolidangleÊofalosslessantennaisdefinedas
whereP(Ò;)isthepowerpatternnormalizedtounitymaximum:P:
ThebeamsolidangleisausefulparameterforestimatingtheantennatemperatureproducedbyacompactsourcecoveringsolidangleÊandhavinguniformbrightnesstemperatureT."Compact"meansthatthesourceismuchsmallerthanthebeamsothatthevariationofPissmallacrossthesource.Thepowerperunitbandwidthreceivedfromthesourcebytheantennapointingatitis

ThustheantennatemperatureT=kis
Inwords,theantennatemperatureequalsthesourcebrightnesstemperaturemultipliedbythefractionofthebeamsolidanglefilledbythesource.MainBeamSolidAngle

T :046KA=1:A80JKÂ1À23À16:40WHzÂ1À25À1Ù0
AÊ(Ò;)dÊAÑZ4ÙPn¶(3A10)n¶ n=GmaxG(Ò;)¶
ÊdÊA=1GmaxZ4ÙG=4ÙGmax
s Bn
P(Ò;)dÊ2=Z4ÙAe¶2B2
P T:2Ù4ÙÕ2ÕGkTÊ2(max)Bs=kBÊsÊAA=P2T:AÙTBÊsÊA



2007Apr16 http://www.cv.nrao.edu/course/astr534/AntennaTheory.html #17Themainbeamofanantennaisdefinedastheregioncontainingtheprincipalresponseouttothefirstzero responsesoutsidethisregionarecalledsidelobesor,veryfarfromthemainbeam,strayradiation.ThemainbeamsolidangleÊisdefinedas
Thefractionofthetotalbeamsolidangleinsidethemainbeamiscalledthemainbeamefficiencyor,loosely,thebeamefficiency.Ñ

MBÊ(Ò;)dÊMBÑZMBPn¶(3A11)
BÑÊAÊMB(3A12)


